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w ABSTRACT

New materials are needed to replace the rubber compounds which are in cur-
rent use in certain high stress environments. The rubber materials usually fail
due to the high internal temperature which results from compressive cycling under
heavy loads. Rubber formulations, such as styrene-butadiene, also fail due to
severe mechanical stresses, such as tearing forces.

Polyurethanes are being examined as possible replacements due to indications
of better mechanical strength. However, hysteric heat buildup in polyurethanes
is a major problem. The compound a,a,a',a’'~tetramethyl-p-xylylene-diisocyanate
(n-TMXDI) was examine®\a@s a viable component in polyurethanes. Poly-(l,4-
butanediol) of two high ecular weights was used as the soft segment, with 1,4
butanediol, resorcinol-1,3-bis(B-hydroxyethyl)ether, and 4,4'-isopropyliden-
ediphenol-4,4'-bis(B-hydroxyebhyl)ether tested individually as chain extenders
and 2-ethyl-2-(hydroxymethyl)-1,3¢propandiol and triethanolamine used as cross-
linkers. Mechanical and thermal m®gsprements were made on polymers prepared with
various ingredient types and ratios™ Investigation of the molecular arrangement
of the polyurethane samples was made using infrared and X-ray scattering tech-
niques. Low molecular weight model compounds, simulating the polar regions of
the polyurethanes, were prepared and characterized by single crystal X-ray dif-
fraction by Dr. Jerry P. Jasinski. Compressive fatigue tests were conducted on
some samples which showed good thermal resistance by other

tests
The properties of p-TMXDI-based polyurethanes are comgg;ab¢;>to other poly-
urethane classes. When 1,4-butanedoil was the chaim-exténder, the samples pos-

sessed good tensile and-tear-stremgth and low glass transition temperatures, with
high-temperature softening above 150°C. Compressive fatigue tests on block
sampig;, émonstrated the resistance of these polyurethanes to the buildup of high

interdal temperatures which would cause failure of the polymer.

The model compounds of p-TMXDI provided information on the possible con-
formation of this unique structure in the polyurethane chains. Until recently,
polyurethanes made from diphenylmethane-4,4'-diisocyanate were the only poly-
urethane class which had been characterized by X-ray scattering and X-ray crys-

tallographic techniques. (kejw’b' £ >
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I. INTRODUCTION

This research project has been motivated by the need for an elas-
tomer which can resist severe cyclic stresses for prolonged periods.
Among elastomers used in applications such as solid tires are styrene-
butadiene rubber (SBR) block copolymers. SBR has proved useful for
environments of moderate stress, but has proved to be inadequate for
heavy loads which cause increased abrasion on the road surface, chunking
(loss of elastomer pieces), fatigue from internal heat buildup, or a
combination of these stresses. Catastrophic failure (e.g. internal
melting or "explosion" of the elastomer) is sometimes the result of
these severe ciiesses.

Polyurethane elastomers offer some desirable properties as a substi-
tute material. Some provide higher strength than SBR and demonstrate
excellent abrasion resistance. A major disadvantage noted in the test-
ing of most polyurethane samples is the higher hysteresis (internal
heatup) of test blocks compared to SBR blends. Efforts have been con-
ducted to find polyurethane blends with hysteresis low enough to survive
the severe stress of cyclic testing.

Recent test results have indicated that polyurethane hlock copoly-
mers having low hysteretic heatup behavior can be produced. Samples
containing an aliphatic diisocyanate (cyclohexyl diisocyanate) (CHDI)
have developed the lowest hysteretic heatup of any class of polyurethane
tests which were reported prior to the work described in this thesis.

This property of thermal stability is believed to be due to the high
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symmetry of the segments containing urethane bonds derived from CHDI.
The symmetry allows formation o¢f highly crystalline (and thus "high"
temperature melting) regions in the CHDI-based polyurethanes.

p-TMXDI (para-tetramethylxylene diisocyanate) 1is an aliphatic dii-
socyanate, with propylidine groups separating the isocyanate groups from
the central aromatic ring, which, based on 1its comparison with the
structure of CHDI, should also produce regions of some symmetry.
Although the urethane bonds in the p-TMXDI-based polyurethanes are
somewhat hindered, crystalline (and possibly "high" temperature melting)
regions are postulated for these materials. This is the premise on
which this research is based.

The research involves the preparation of polyurethane samples with
incremental changes in content of p-TMXDI, soft-segment molecular
weight, and hard-segment chain extender and crosslinker types and per-
centages. The thermal, mechanical, and structural characteristics of
the samples were examined by several methods to determine the sample
preparations which displayed preferred behavior (e.g. softening temper-

ature >150°C) and possible structure-property relationships.




II. LITERATURE SURVEY

A, Phase Separation

Polyurethanes are formulated for many different purposes such as
coatings, insulation, and shock absorbing components. The focus of this
research is upon elastomeric behavior, wherein a polymer is neither
rigid and brittle (glasslike) nor permanently deformed by stretching
(such as plastic food wrap), but has a tendency to return to its ori-
ginal shape after removal of the force causing deformation. Within the
polymer class of elastomers 1is a subclass termed block copolymers.
Styrene-butadiene polymers are an example, where a length of styrene
units (about 50-100) is connected to a length of butadiene units (about
50-100). The polymer is cured so that the hard styrene lengths as-
sociate to form inflexible regions which hold together the various
flexible butadiene chains. In this way the styrene regions reinforce
the elastomeric butadiene chains and prevent permanent deformation of
the polymer. Cooper and Tobolsky1 first pointed out similarities
between polyurethanes and styrene-isoprene block copolymers in the way
they form specific domain structures.

Polyurethane chains are composed of polar and non-polar repeating
sections, with the length of each repeat dependent upon the number of
molar equivalents of diisocyanate incorporated into the polar section
and the : rage molecular weight of 1long chain diol chosen for the
non-polar section. During the curing process a two phase system deve-

mainly due to the differences in polarity of each section of each
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chain. The extent to which these phases separate is influenced by
various facrtors. Some common diisocyanates are shown in Fig. 1.
Schneider and Sung2 found an increase in soft segment Tg (glass tran-
sition temperature) for samples containing higher percentages of 2,4-TDI
(toluene diisocyanate) in a polyester soft segment matrix; Tg was also
increased in lower molecular weight polyethers, the shorter chains
allowing less free movement of the polar regions during the cure pro-
cess. In the 2,6-TDI samples, however, it was found that only the lower
molecular weight polyesters (i.e. mw<2000) developed a Tg increase as
hard segment percentage was increased, and to a more limited extent than
2,4-TDI. One factor assumed to be influencing these differences was the
higher symmetry of the 2,6-TDI unit compared to the 2,4-TDI unit, lead-
ing to a greater probability of crystalline hard segments in a 2,6-TDI-
based polyurethane, which would represent a better driving force for

3-4

phase separation. Chen et al noted that the HTPBD (hydroxy-

terminated polybutadiene) Tg was essentially unaffected by variations in
6

~
~
N
X

the percentage of hard segment material. Camberlin and Pascaults_

PN
54 %

)

found a lower tendency for phase mixing for hydrogenated HTPBD than for

e

the unsaturated analogues. These and other results7 indicated that a
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decreasing polarity in the soft segment chains 1leads to less phase
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mixing, i.e. the tendency of hard and soft regions to mix is:

LA s
« Ve

polyester > polyether > polybutadiene > hydrogenated polybutadiene.
(Phase mixing causes an increase in Tg of the soft segment compared to

the Tg of the pure soft segment material because of the much higher Tg
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Figure 1. Diisocyanates
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of hard segment material.) The method of preparation also has some
influence on phase separation. Miller et al.8 prepared MDI/BD/PTMO
samples by one step (all ingredients at once) and two step (MDI/PTMO
prepolymer, then BD (butanediol) chain extender) methods. The two step

samples were found to contain more individual isolated MDI hard seg-

P .

\ o

A ments. The single units were more likely to phase mix with the PTMO %‘
l chains, thus leading to less phase separation in the two step polymers.

s However, in the case of a polyester soft segment, Abouzahr and Vilke59 E‘
)

' reported poorer properties for a one step synthesis due to the higher E;

compatibility of the hard segments with the polyester carbonyls and thus
poorer phase separation. Samples with higher molecular weight polyether
soft segment, prepared in a one step synthesis and tested by van Bogart
et al.lo, had better phase separation than lover MV samples. Longer
soft segment chains have also promoted better phase separation in other
polyurethane systemsl. Miller and Cooper11 noted SAXS (small angle
X-ray scattering) and DSC (differential scanning calorimetry) evidence
which indicated improved phase separation as curing temperature was
increased, allowing greater mobility of the polymer chains, which per-
mitted better association of chain segments. (Importance of phase
separation is dependent upon desired properties: e.g., phase separation
in foam insulation may have little effect upon performance, while shock
absorbers may depend upon well separated phases for long life.)

In summary, the following factors may influence phase separation:
polarity of the soft segment material, molecular weight (relative

length) of the soft segment, number of equivalents of the hard segment

(i.e. hard segment %/soft segment X ratio by weight), method of prepa-
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ration (one step or two step), curing temperature, symmetry and crystal-
linity of the hard segment, and hydrogen bonding. Among the methods
used to characterize the phase separation are X-ray studies, thermal
analysis, infrared spectroscopy, and mechanical testing. With the
availability of various soft segments, diisocyanates, chain extenders,
and crosslinking agents, thousands of combinations are possible. This
illustrates the need for the above test methods and other methods to

fully characterize each polyurethane preparation.

B. Infrared Spectroscopy

Infrared techniques have made significant contributions to the
examination of phase separation and other properties in polyurethanes.
In a detailed review, West and Cooper12 discussed the observationsl3'1a
that most polyurethanes had signs of almost complete hydrogen bonding of
N-H functions but varying involvements (about 65%-90%) of urethane
carbonyls toward hydrogen bonding in different preparations. Evidence
indicated some participation in the hydrogen bonding by polyether
oxygenslé, carbonyls (in polyesters), and possibly C-0-C (alkoxy) oxy-

gens in other urethane moietiesl3.

The influences of hard segment-soft
segment hydrogen bonds therefore are a major factor in the phase sepa-
ration wvhich develops during the polyurethane cure. Hovever, hydrogen
bonding is not an essential property for a polyurethane. Harrell15

prepared polyurethanes having hard segments incapable of hydrogen bond-
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ing; these samples showed the same types of behavior as conventional
polyurethane block copolymers due to the crystallization of the hard
segment regions.

Observation of changes in hydrogen bonding permits the monitoring of
structural changes during the application of various stresses to polyu-
rethane samples. Some evidence indicates breakage of a small percentage
of hydrogen bonds during elongation and their subsequent return with
time after relaxationla. Increasing the temperature of various samples
caused the breaking of most hard-soft-segment hydrogen bonds before the
interurethane hydrogen bonds, indicating that the hard-soft hydrogen
bonds are somevhat weaker than hard-hard segment hydrogen bonds and
giving some measure of the phase mixing and hard-soft segment
interaction.16 Similar studies on deformation and temperature effects

have been performed by Burchell et a1.17a—f. Siesler18

, who has tested
polyurethanes by thermal and mechanical means correlated with FTIR
measurements, has also flushed samples with gaseous 020 for hydrogen
exchange; this has permitted some estimation of hard segment percentage
mixed in soft segment regions since crystalline hard segment N-H’s are
less susceptible to deuterium exchange.

Recent work by Coleman et al.lg_21

demonstrates that the previous
interpretations of temperature dependence of hydrogen bonds, using N-H
absorptions, has been erroneous. The absorption intensity of "free" N-H
has previously been a guide to the percentage of hydrogen bonding pres-
ent as the temperature increases. It has been observed that "the mean

strength of the hydrogen bonds decreases with increasing temperature."21
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Also, "the absorptivity coefficient is a strong function of the strength
of the hydrogen bond and varies significantly as the band shifts in
frequency"ZI, giving the false indication that "additional" hydrogen
bonds are being broken as temperature rises. The percentage of "free"
N-H groups actually does not increase significantly until at least
200°c. Also, the temperature increase causes a spread of the distri-
bution of absorption energies in the N-H stretching region, thus compli-
cating any quantitative interpretations of changes in hydrogen bonding
by IR measurement of the N-H region due to these frequency shifts.

These factors result in a smaller area for the hydrogen bonded N-H band.

C. Thermal Behavior

The behavior of polyurethanes at different temperatures has a direct
bearing upon their applications; at operating temperatures, elastomers
must have a soft segment which is not brittle (glassy) and a hard seg-
ment structure which will not soften or melt from thermal, mechanical,
or a combination of stresses. Various thermal transitions in polyure-
thanes have been identified by researchers. For example, Hesketh, van

22

Bogart, and Cooper®™, 1in examining various types of polyurethanes,

characterized several distinct transitions by DSC:

1. Tg, the soft segment glass transition. In this region a polymer

soft segment changes from a hard brittle material to a soft flexible

material as the temperature rises. Its value 1is usually a measure of
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phase mixing, as the Tg is increased by the presence of impurities such
as hard segment chains. Different soft segments have different Tg’s
depending upon type and molecular weight.

2. T the soft segment melting transition. This is occasionally

ms’

present if conditions are suitable for some alignment and crystal-

lization of the long soft segment chains. Its probability would be
enhanced by the absence of interfering hard segments, i.e. more phase
separation.

3. Tgh’ the hard segment glass transition. This is detectable only
in some polyurethanes.

4,  Amorphous melting transitions caused by hard segment domains of
short and long range order (i.e., amorphous hard segment regions with
small isolated sections with less than crystalline order). The exist-
ence and extent of amorphous hard segment regions depends upon their
tendency to crystallize, the molecular weight of the soft segment, the
percentage of hard segment material, and other factors.

5. Tm’ the hard segment melting transition. This is present if hard
segments crystallize. This may indicate the temperature at which the
polyurethane will soften and fail, or it may merely indicate the pres-
ence of some crystalline regions. The final softening temperature is
dependent wupon the mixture of amorphous and crystalline hard segment
regions present in any particular polyurethane, and thus could be lower
than Tm.

Harrellls, in his experiments with monodisperse hard segment sizes,

noted that an increase in the number of units in a hard segment chain

caused a corresponding increase in the Tm' Also, mixing polyurethanes
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with different lengths of hard segment chains produced a material in
vhich the separate Tm's were still present for each characteristic
length. This indicated that, provided the hard segments had a narrow
length distribution, separate distinctive Tm’s were possible for a
crystalline material.

Ordering (phase separation and crystallinity) of the segments after
completion of the polymerization may also be influenced by annealing at
temperatures above the reaction temperature. Annealing at various
temperatures, for various times, up to just below the Tm for a polyure-
thane caused the Tm to increase (after annealing) by  about
10°C-20°C22-26. This was an indication of increased ordering of the
hard segment regions. Annealing above Tm usually caused a short term
disruption which was reversed with time after cooling and sometimes

produced better orderingzz_za.

D. Mechanical Testing

The mechanical behavior of a polyurethane is a reflection of its
chemical content and phase separation. Zdrahala et al.27 observed an
increase in the hardness, tensile strength, and tear strength of samples
in a polyurethane class with a variation in the percentage of hard
segment material from 20% to 80%. Above 60X hard segment content,
however, the tensile and elongation properties decreased, indications of
a transition from a tough elastomer to a brittle plastic. Chang et

28

al. noted similar results for tensile and elongation properties and

observed, by optical and electron microscopy, the various polyurethane
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structural regions which develop as the hard segment content is varied.
Halrell15 prepared samples with broad hard segment size distributions
and found poorer stress/strain and elongation properties than for
samples in which the hard segment length was kept in a narrow range.
Other behavior, such as abrasion resistance and dynamic mechanical
(resistance to flexing at various temperatures), 1is dependent upon

phase mixing and chain packing for both hard and soft segments.
E. X-ray Scattering Analysis

Determination of hard segment chain conformation and relative size
of hard segment regions has been a primary endeavor of researchers
interested in establishing a structure-property relationship in some
polyurethanes. Electron microscopy experiments provided estimations of

hard segment size and extentza, but there is some disagreement about the

interpretations of the various regions. Also, the process of electron
microscopy, i.e. the use of the electron beam, causes modificatien of
the material during the scanning. Methods for enhancing surface con-

trast (sputtering, heavy metal staining) are dependent upon differences
in polarity, surface texture, or the presence of aliphatic double bonds
in the hard and soft regions, properties which are sometimes not suf-
ficiently different to produce good contrast. X-ray scattering is a
direct measure of electron density which allows calculation of average
size of the hard segment regions and measurement of crystallinity.

Small angle X-ray scattering data provides some estimation of domain

size, distance betwveen domains, and the size of domain transition
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regions, 1i.e. the regions where some phase mixing occurs due to the
uneven alignment of packed chains or the incomplete phase separation

29 measured a

wvhich occurs in most polyurethanes. Wilkes and Yusek
domain separation (center to center) for MDI/BD, with a polyester
(mol.wt.= 1000) soft segment, of 150 R; another sample polyester (of
mol.wt.= 2000) yielded an average separation of 220 R. Schneider et

30

al. analysed several MDI/BD samples with a polyether (mol.wt.= 2000)

soft segment and noted a spacing of from 182 to 210 8 in the various

31

preparations. Fulcher and Corbett prepared MDI/BD samples with

polyether (mol.wt.= 1000) and found domain sizes (diameter) of 50-100 )
with separations (center to center) of 100-170 g. Ophir and Uilkes32
measured some polyester interfacial thicknesses (phase transition zones)
of 10-12 & and polyether of 5-7 R, indicating better phase separation
for the polyethers.

Vide angle X-ray scattering is suitable for determining relative
percentage of crystallinity and identifying some crystalline reflections

useful for predicting chain conformation. Bonart et al.33

first pro-
posed a conformational arrangement for MDI/BD based upon WAXS (wide
angle X-ray scattering) reflections from polyurethanes with polyester
soft segments; the model accounted for the hydrogen bonding arrangement
and the possible long range ordering of adjacent chains. Later Bonart

et 31.34

developed models for butanediol- and pentanediol-extended MDI
polyurethanes which depended upon a three-dimensional hydrogen bonding
network for hard segment "virtual crosslinking." These models were based
on the assumption that the hard segments, when crystalline, were com-

posed of relatively straight chains. Koberstein et al.33-37 determined,
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mostly from SAXS, that longer hard segment chains (e.g. 3 or more MDI

units) assumed some folded configurations, i.e. the butanediol section
) provided sufficient flexibility for the chain to curve back into the

hard segment region at the phase boundary. This model was proposed to

account for some increased boundary thicknesses and some amorphous DSC

A am o b SN §

melting transitions (due to amorphous hard segment regions).

) F. Model Compounds Characterization

X-ray scattering experiments on oriented films of polyurethanes has
enabled researchers to propose some model conformations for the hard
segment regions. The bulk of this work has involved mostly MDI, mainly
because of its commercial dominance, and partly due to the varied evi-
dence of hard segment crystallinity. However, the variation in spacings
calculated from reflections on different samples has generated different
proposals concerning the exact conformation of the hard segment chains.
Evidence exists for two, and perhaps more, possible conformations of MDI
and butanediol hard segments. To assist the resolution of these compli-
cated structures, low molecular weight model compounds have been pre-
pared which simulate different sections of the hard segment chain with
different chain extenders. When possible, single crystals have been
grown, and X-ray diffraction measurements on these crystals have pro-
v'ded information on bond lengths, bond angles, torsion angles, and
overall conformation suitable for extrapolation into longer chains.

The first published model was prepared and analyzed by Blackwell and

Gardner38 by reaction of MDI with methanol (Fig. 2). The ciystal was
14
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nearly orthorhombic (y=93.9°); after simulated addition of two —CHZ-
functions to join adjacent methyl ends, the unit cell was distorted into
a triclinic shape (o=115°, B=121°, v=85°). This agreed closely with the
pattern from an oriented film (a=116°, B-116°, y=83.5°)39. Further
conformational analyses were performed on models extended by ethylene

40-43 40-43 40-44 41-43,45

glycol , propanediol , butanediol , and hexanediol

Other crystal model compounds followed this initial study. Hocker

46 grew a second crystal conformation from Blackwell’s model

and Born
compound; this crystal fit a different space group than the first
crystal and represented a chain stacking which is not seen in stretched

films of polyurethane. Born et al.l‘7

later prepared a monofunctional
analogue of MDI (MMI, a monoisocyanate), two molecules of which were
joined by chain extenders HO—(CHZ)X—OH, vhere x=2 to 6 (Fig. 2). A
crystal structure of the butanediol extended model was obtained48 vhich
was in close agreement with the analysis of Blackwell’s model. Bonart’s
model33 is comparable to the results derived from the model compounds
with regard to general packing orientation, but the predicted chain

staggering in the longitudinal direction implied separation between the

chains which was "unrealistically sma11"47. Work on the model compounds

by both groups"9 supplied data for average bond lengths, bond angles,

and torsion angles.

RS

Model compounds are also guides to thermal behavior properties. DSC

experiments on model compounds with increasing numbers of MDI units show b,é?
oo

increasing melting temperatures; this is especially true when the ends \$b,
(%

1

are long chains such as octadecanol (end caps)so. DSC scans also show A

X
»

the highest melting temperatures occur when the chain extender is
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butanediolSI.

Recent work by Briber and Thomassz_53

has revealed two different
crystal conformations in MDI-based polyurethanes. Along with highly
disordered regions, which they labeled Type I, a crystalline form (Type
II) was found with a "contracted" repeat distance of 17 8. In oriented
stretched films of the same blends, the "fully extended" (Type III)
repeat distance was found to be 19 1. This, along with other evidence,
indicates that mechanical history, along with other factors mentioned

previously, has an effect on the morphology and resulting behavior of a

polyurethane.

Figure 2. Model Compounds of MDI

0 H
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ITII. MONOMER SURVEY

A. Soft Segment Material

Selection of a polyurethane soft segment material is usually based
upon the desired mechanical and thermal properties of the resulting
polymer. Materials used as soft segments can be classed as polyethers,
polyesters, polybutadienes (including hydrogenated soft segments),
polysiloxanes, and other less common types. Variations in nolecular
weight will also affect properties; higher molecular weight soft seg-
ments generally result in lower Tg's for polyurethanes. WVhen comparing
different types of polyethers and polyesters, PTMO of mol.wt.=2000 or
greater retained its flexibility to a lower temperature than PTMO of
mol.wt.(ZOOOSA. For this reason, and also to promote phase separation,

PTMO was chosen as the soft segment for this research (Fig. 3).
B. Chain Extenders and Crosslinkers

To form the hard segment in a polyurethane, diisocyanates are linked
to each other (in lengths of from 2 to 10 diisocyanate wunits) by short
chain molecules; these hard segments are linked to the soft segments in
hard-soft repeats which reach molecular weights of from 5,000 to 50,000.
The short chain extenders are usually diols (for urethane bonds) or
diamines (which will produce urea bonds). Some soft segments are avail-

able with te:~inal amine functional groups (in place of diols). This
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Figure 3. Structures of Starting Materials

TH3 ?H3
-
OCN——Tgé;£>ﬁ——Nco
CH, CH, p-TMXDI
HO- (CH,) , -OH BD
HO- (CH,)) ,~OH EG
HO- (CH,))  -OH HD
0-CH,-CH, -OH
HO-CH,~CH,-0 <<:i; HER
L
HO-CH ,-CH -o~\§£/>T«<::>>o ~CH,-CH,-OH HEB
CH,
HO- (- (CH,) ,-0-] -H PTMO
H,C-CH,~C- (~CH,-OH) , TMP
N(-CH,-CH,-0H) , TEA
HO—CH2—CH2-0~<§§>>O—CH2-CH2—OH HQEE
(n-Bu),Sn(0,C-(CH,), ,-CH,), DBTDL

x=226.6 for PTMO 1934; x=37.2 for PTMO 2695

(abbreviations are defined in the Glossary on page 1C3)
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expands the possible formulations from polyurethanes to polyureas and
poly(urethaneureas). Due to the rapid reaction rate of amines; and to
simplify the work, this study was confined to diol chain extenders and
crosslinkers.

Besides the "virtual crosslinking" developed from hydrogen bonding,
covalent «crosslinking between different chains is available by various
means. Allophanate crosslinks will develop under some conditions (e.g.
low steric hindrance, excess diisocyanate). Biuret crosslinks are
possible in polyureas. Some soft segment material is available as
macrotriols, or it can be crosslinked by peroxides or other reagents.
In the hard segment, 1low molecular weight triols or triamines can be
added in specific amounts (to replace the appropriate amount of diol or
diamine) to allow addition of known percentages of crosslinking.

A survey of aliphatic and aromatic diol chain extenders was con-
ducted by Minoura et al.55 They examined the mechanical properties of
polyurethanes with these varicus chain extenders. From these results,
three chain extenders were selected for use in this study: BD, HEB, and
HQEE (Fig. 3). However, HQEE must be mixed at 120°C or higher, a
temperature too high to control the reaction rates in this study;
therefore, HER was used as a substitute, since it also promotes
retention of mechanical properties at elevated temperatures, as does
HQEE®.

For crosslinking of polyurethanes, TMP is the most widely used triol
(Fig. 3). However, it is possible that TMP, which has some degree of
steric hindrance, prevents » thorough polymerization of a diisocyanate

which is hindered by o-metiy. groups. For this reason, a switch was

19
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made in this study to TEA, which is expected to be more reactive.

C. Diisocyanates

MDI (Fig. 1) is, at present, the most widely used diisocyanate for
polyurethane manufacture. As noted already, its symmetry allows the
ready development of crystalline hard segment regions with assorted
overall properties dependent upon the blends of soft segments and chain
extenders. However, when exposed to the environment, MDI is sensitive

‘ to ultraviolet 1light which yellows and degrades the performance of the
| polymer, as noted by Schollenberger and Stewart57; subsequently, Allen

and McKellar58

postulated the eventual degradation of the MDI unit to a
di-quinone imide based upon ultraviolet evidence of a benzophenone-type
impurity in photosensitive MDI-based polyurethanes (Fig. 4).

TDI is commonly available as a mixture of 80% 2,4-TDI and 20%
2,6-TDI; each of these isomers may also be obtained pure by separation.
TDI, 1like MDI, exhibits a range of behaviors depending on the blends of
the other polyurethane ingredients. Also, like MDI, it is sensitive to
ultraviolet light and undergoes some photorearrangement59 (Fig. 5).

H12MDI is the saturated analogue of MDI. It is available as a

mixture of 65% cis-trans, 30% trans-trans, and 5% cis-cis. Fractional

crystallization allows removal of the trans-trans isomer and subsequent

v
rd
.

3

reblending for mixtures with from 10% to 957 of the trans-trans isomer.

RARIOR
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These isomer ratios lead to a wide variation in properties
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Figure 4. Photochemical Decomposition of MDI-based Polymers (Ref.58)
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Figure 5. Photochemical Decomposition of TDI-type molecule (Ref.59)
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quinoid-type products in 2,4- and 2,6-TDI-based polyurethanes is also
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CHDI is a recently developed diisocyanate which has so far seen

1

limited research. It is of primary interest due to CHDI-based polyure- iwf?;
“

thanes which have shown excellent resistance to hysteretic heat ’;;E
buildup61. Some preliminary experiments suggest that preparation of f::'
model compounds will lead to an understanding of the properties of this E\;St
polyurethane class. Esis;
N

TMXDI (Fig. 3) is a compound which is not yet in commercial pro- f~"f
duction. It is available as either a meta or para isomer62. Only the ?45?
N

para isomer was studied in this research. It is of interest because of E?Qf?

the behavior of p-TMXDI based polyurethanes in thermal, mechanical, and

hysteresis testing, and because of its unique structure and the ability

o
K

of model compounds to crystallize in a unique conformation.
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Polyurethanes are sometimes formed with the aid of catalysts,

although the urethane forming reaction will take place slowly under some EAS:S‘
conditions (faster for aromatic NCO which need no catalyst). (Ureas Ejégz!
will form rapidly without catalysts due to a different mechanism.) Among D3R
the available catalysts, tin-based formulas are among the best due to ;::ﬁi
their high activity even at low concentrations (an increase of 30,000 to ES:\::
50,000 in the reaction rate compared to uncatalyzed reactions). Many R
studies have been conducted on the mechanism of catalysis by tin-based ihé:f
SRS
formulas, resulting in some conflicting views on the sequence of events. gasitf
s
Tlie currently preferred mechanism involves an initial complex of two A‘;iu
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catalyst molecules with two diol molecules63. DBTDL was used in this

study due to its long chain carbalkoxy groups providing better solubil-

ity. Its formula is shown in Figure 3,
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IV. EXPERIMENTAL METHODS

A. Synthesis

p-TMXDI was purified by vacuum distillation (135°C / 130 Pa, 1 Torr)
and refrigerated under vacuum. DBTDL catalyst was diluted to 4% in
methyl ethyl ketone for use in the reactions. All other chemicals were
purified and dried as necessary (Table 1). Sheet molds were made of
polypropylene, block molds were made of Teflon.

Polymer blends were made according to the following general proce-
dure for two step polymerization (Fig. 6): PTMO of the selected molec-
ular weight (Table 2) was melted and poured into a three-necked round-
bottom flask and stirred at 100°C for two hours under vacuum to remove
vater and dissolved gases. A predetermined number (Table 2) of equiva-
lents (with a 5X excess) of p-TMXDI was added to make a prepolymer
reaction mixture weighing 250-350 grams (for multiple samples; 150
grams for single blocks). (The NCO:0H ratio of 1.05:1.00 is useful for:
1. scavenging residual moisture and 2. producing some crosslinking by
allophanate bonds.) DBTDL catalyst solution was added (150-350 wul for
0.002-0.005X by weight of catalyst) and the resulting prepolymer mixture
vas stirred under vacuum at 100°C for two hours. Multiple sample mix-
tures were divided into 50 gram aliquots in plastic cups and refriger-
ated under vacuum, then melted under vacuum at 100°c individually as
needed. After cooling to about 60°C the prepolymer vas stirred while
the appropriate number (Table 2) of equivalents of chain extender and

crosslinker (premelted as necessary) were added, and stirring was con-

25

NN

-c“'I v éL

C ANy
¢ /"4.':‘:.. \
A

lﬂl

»
»

WIS
Y

SRR
RN

-.' 1" 'S

[ 3

Kay




tinued for 45 seconds. The mixture was degassed for 30-45 seconds under
vacuum, then poured (1 atm.) into an appropriate mold (12.7cm x 12.7cm x
1l.4mm for sheets, 6.4cm x 6.4cm x 1.9cm for blocks). The sheet molds
vere pressed at 1.03 MPa (150 psi) and 100°C for 1 hour, then oven-cured
at 100°C for 16-18 hours (1 atm.); the block molds were covered with
Teflon and oven-cured under nitrogen gas for 16-18 hours at 100°cC. The
samples were aged at room temperature for two weeks before testing.

The model compounds (Fig. 7) were made as follows: p-TMXDI (5
grams) was refluxed in 75 ml of methanol, and another 5 grams separately
in 75 ml of absolute ethanol, for 2 hours in the presence of 5 drops of
triethylamine which was used as catalyst; crystals were alloved to grow

at room temperature from the evaporating solvents.

Table 1. Chemical Sources

Chemical Source Grade or Purity
PTMO duPont
BD Aldrich 99.+2%
EG Aldrich 99.%
HD Aldrich 99.%
TMP Aldrich
TEA Aldrich 97%
HER ICN Pharmaceuticals
HEB Akzo Chemie Nederland bv
DBTDL M&T Chemicals
p-TMXDI American Cyanamid
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Figure 6. Typical Preparationa

p-TMXDI + PTMO

| 100°C, Cat.
Moy v ok
“\
p-TMXDI + OCN— C/§§L7C —N-C-0-[(CH,),-0-] - N——C/?:> C—NCO
N1 ] “,',l
CH3 CH3 CH3 3
BD,100°C
-
H CH3 3 O CH CH3 ?
-O—[(Cﬂz)aol c- N-—?\(i;\c——T C-[0-~(CH,) 0- c N c/ ) c-)
| 0 H o H
L_ CH3 CH3 CH3 CH3
(Rl-O-?-N-C-T—R3) (Allophanate bonds are possible)
"H
0 R20 H (R1=chain extender, R2 and R3=diisocyanate)

x=between 0 and 9

y=a repeat which produces mol.wt.=5,000 to 50,000

2some percentage of p-TMXDI may react on both NCO’s in the first step to
form a higher molecular weight prepolymer; there is even a small chance
that one PTMO and one p-TMXDI may form a ring. These possibilities are
dependent upon ratios of equivalents and other factors such as effects
of mechanical mixing. The chains may terminate with PTMO or chain

extender hydroxyls or unreacted isocyanates.
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Table 2. Compounding Equivalent Ratios?

Ident. no.”®  pTHOY TMXDI®  Chain extender! Crosslinker® Z§§g
2-25-0 1934 2.625 1.5(BD) 29
2-25-20P 1934 2.625 1.2(BD) 0.2(TMP) 29
2-25-50-50 1934 2.625 .75(BD) . 75(EG) 27
3-50-25P 2695 5.25 3.0(BD) 0.67(TMP) 38
3-50-0-H 2695 5.25 4.0(HD) 39
; 3-50-0-R 2695 5.25 4.0(HER) 43
3-50-25P-R 2695 5.25 3.0(HER) 0.67(TMP) 42
3-50-7P-R 2695 5.25 3.72(HER) 0.187(TMP) 43 =~
2-40-0-R 1934 4.20 3.0(HER) 46 »
2-40-0-B 1934 4.20 3.0(HEB) 51 N
3-77-0-R 2695 8.07 6.73(HER) 55 -,
3-77-0-B 2695 8.07 6.73(HEB) 60 o
3-70-7A-B 2695 7.35 5.58(HEB) 0.28(TEA) 57
3-70-7A-R 2695 7.35 5.58 (HER) C.28(TEA) 52
3-70-0 2695 7.35 6.0(BD) 46
3-70-7A 2695 7.35 5.58(BD) 0.28(TEA) 46
3-70-154A 2695 7.35 5.10(BD) 0.60(TEA) 47
3-60-0 2695 6.30 5.0(BD) 42
3-60-7A 2695 6.30 4.65(BD) 0.23(TEA) 42
3-60-15A 2695 6.30 4.25(BD) 0.50(TEA) 43
3-50-0 2695 5.25 4.0(BD) 38
3-50-7A 2695 5.25 3.72(BD) 0.19(TEA) 38
3-50-15A 2695 5.25 3.40(BD) 0.40(TEA) 38
3-40-0 2695 4.20 3.0(BD) 32
3-40-7A 2695 4.20 2.78(BD) 0.14(TEA) 32
3-40-15A 2695 4.20 2.55(BD) 0.30(TEA) 33
2-25-7A 1934 2.625 1.40(BD) 0.07(TEA) 29
2-30-7A 1934 3.15 1.86(BD) 0.093(TEA) 33
2-40-7A 1934 4.20 2.79(BD) 0.14(TEA) 40
2-50-7A 1934 5.25 3.72(BD) 0.187(TEA) 46
3.25-7A 2695 2.625 1.40(BD) 0.07(TEA) 22
3-30-7A 2695 3.15 1.86(BD) 0.093(TEA) 26 &
3-35-7A 2695 3.675 2.33(BD) 0.12(TEA) 29 W
3-45-7A 2695 4.725 3.26(BD) 0.16(TEA) 35 N
footnotes on next page ﬁﬁ
-
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Compounding Ratio Footnotes (for Table 2)

equivalent 1is the number of molar equivalents (i.e., PTMO, BD, p-
TMXDI, etc., have two reactive ends while TMP and TEA have three, but
each, except for PTMO, is listed in the table according to the number

of moles (molecules), not the ratio of reactive ends).

if 1 equiv PTMO = 2 mole -OH
then 1 equiv p-TMXDI = 2 mole -NCO
and 1 equiv BD = 2 mole -OH
and 1 equiv TEA = 3 mole -OH
2-25-50-50 = PTMO 1934-2.5 equiv. TMXDI-50%BD-50%EG
3-50-25P-R = PTMO 2695-5.0 equiv. TMXDI-25%TMP-75SXHER
3-70-7A-B = PTMO 2695-7.0 equiv. TMXDI-7%TEA-93%HEB
3-50-7A = PTMO 2695-5.0 equiv. TMXDI-7%TEA-93%BD

bIn general the Ident.no. refers to: 1. PTMO mol.wt. (2=1934,3=2695)
2. TMXDI equiv. (e.g. 25=2.5)
1-2-3-4 3. X of crosslinker (except BD/EG)
4. chain extender (BD unmarked)
“For Ident.no.: P=TMPX, A=TEAX (crosslinker), percent of chain extender
replaced by crosslinker; H-=HD, R=HER, B=HEB (chain extender).
dPTMO data refers to mol.wt. Number of equivalents is always 1.0.
€(no. of moles)
Chain extender and crosslinker used are in parentheses (no. of moles).
€ X Hard Segment .
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Figure 7. Model Compounds of p-TMXDI.
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B. Macroscopic Physical and Spectral Properties

Tensile tests were run on an Instron model 1120 (100 Kg cell). The
dumbell-shaped microdie samples were drawn apart at 200 ma/min while
force and elongation were measured. Tear tests were run using die-cut
trouser-shaped samples on the same instrument at the same rate. The
maximum force needed to tear the sample was recorded. Tensile testing
was run according to ASTM D 1708 and tear testing followed ASTM D 470
(American Society for Testing and Materials).

DSC tests were recorded on a Perkin Elmer DSC2 equipped with a 3600
TADS (Thermal Analysis Data Station computer). Samples weighing 10-15
mg were sealed in either aluminum or steel pans and placed in a platinum
alloy cell mounted in an aluminum block. An empty reference pan of
similar weight was placed in an adjacent cell. (A background scan with
empty cells was run for later subtraction when the baseline was not
sufficiently flat.) Scans were run (normally at 20°/min) from 150 to 300
K (-123 to 27°C) and from 300 to 500 K (27 to 227°C) or higher. Peaks
and transitions were analyzed by manually defining the beginning and end
points and instructing the software to calculate the resulting parame-
ters (peak temperature, midpoint, etc.)

TMA (thermomechanical analysis) was run using a Perkin Elmer TMS-1
with a strip chart recorder to graph probe displacement with respect to
increasing temperature. The sample holder was a quartz tube with a flat
bottom, and the probe was a quartz rod with a flat circular end 1 mm in
diameter, supported at the other end by a neutral buoyancy oil

reservoir, The force was provided by a weight pan, normally holding 20
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grams, attached directly to the probe assembly. A small sample (thick-
ness 1.25-2.50 mm) was placed in the sample holder which was cooled to
150 K before lowering the probe (helium purge). The sample chamber was
then heated at 20%°/min until sample failure (probe penetration; maximum
temperature is 550 K). A diagram of the TMA apparatus is displayed in
Figure 8.

TGA (thermogravimetric analysis) was run using a Perkin Elmer TGS-2.
A sample weighing 5-10 mg was placed in the sample pan. The weight was
monitored as the sample was heated from room temperature at 10%/min
until the entire sample was evaporated. This experiment was run in both
nitrogen and standard air atmospheres.

FTIR spectra were run on two different instruments. One was a
Perkin Elmer 1550 interfaced with a Perkin Elmer 7500 computer. The
other was a Mattson Cygnus 25 FTIR coupled to a Mattson Starlab com-
puter. Attenuated total reflectance spectra were run on the polymers,

and KBr disks were used for the model compounds.

Hysteresis testing of the blocks was run on an Instron 1322 servo-
hydraulic test machine. A temperature probe in the center of the blocks
monitored temperature rise during the test. The blocks were cycled
between 500 KPa and 5 MPa (72 to 720 psi) at 20 Hz for a total of
200,000 cycles. Data was acquired on load and stroke measurements by a
Nicolet digital oscilloscope. This data, plus temperature, was recorded
on a floppy disk for later analysis.

WAXS patterns were collected using a one dimensional multichannel

analyzer programmed to record 1000 channels on a LeCroy computer and

store data on a floppy disk. The effective 268 detector range was from
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~5%  to ~29.5°. The sheet sample (~l1.4mm thick) was held in a four

circle goniometer and irradiated with nickel-filtered CuKa (1.543)

LA A

X-rays for 6 hours. Sample to detector distance was 22cm.
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Figure 8. TMA Apparatus.
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V. EXPERIMENTAL RESULTS
§§ k
'§32
A. Mechanical Testing b
“"
'M‘\';‘
DI
Table 3 shows the results of mechanical tests on samples which were fais
A
1.4mm thick and cut to the dimensions shown in Figure 9. General obser- ::f:'
.\. = g
vations can be made on this data. For the 100¥ modulus (100%(MPa)) ki
results, the samples extended by BD showed better strength than most of :ﬁfﬁf
KGN
the HER and HEB extended samples. However, for the 300% modulus }::i»
N
(300%(MPa)) and the ultimate tensile strength (Str.(MPa)) the results ——
4 W
are not uniform: some of the BD-extended samples developed cracks :'::
-"‘\
during elongation, possibly due to some crystallization caused by iE*I
N
extension. (The HER-extended samples were observed to be softer —_—
materials than the other samples.) The maximum elongation at break also :;:}:
O
shoved better tensile properties for those samples extended with HER or {i*"
\“_\{ -
HEB. For the tear test, most of the BD samples are clearly superior and )
\'.'.(
show an increase in tear strength as the amount of crosslinker (TEA) is ;iagl
\:_‘.I\ )
A
increased. This is illustrated in Figures 10-12, which display compari- A
.
,n ‘-l
sons of mechanical data for the last 12 samples in Table 3. In summary, o
e
the BD samples have better tear strength and better tensile strength for ;;337
o
moderate elongation. tti
B. Thermal Behavior
SR
Table 4 has the DSC results on sheet samples. The soft segments all




Table 3. Tensile/Tear Tests?

Ident. no. 100%(MPa) 300%(MPa) Str.(MPa) Elong(%) Tear (kN/m)

3-50-0-R 3.93 7.86 29.8 590 9.1
3-50-25P-R 4.34 7.21 23.8 450 4.6
3-50-7P-R 3.45 9.72 24.1 610 6.0
2-40--0-R 2.69 3.69 14.8 710 4.9
2-40-0-B 2.96 4.24 13.3 650 5.7
3-77-0-B 9.45 11.2 15.6 425 8.7
3-70-7A-B 7.58 9.93 17.7 475 9.1
3-70-7A-R 3.72 8.65 12.5 510 6.3
3-70-0 12.4 14.2 220 20.7
3-70-7A 11.4 16.0 17.7 385 15.4
3-70-15A 10.5 16.5 24.0 410 20.1
3-60-0 10.4 10.4 100 9.6
3-60-7A 10.3 15.2 16.2 350 15.8
3-60-154 8.86 83 160 18.4
3-50-0 8.03 45 115 7.5
3-50-7A 6.03 24 120 13.0
3-50-154A 7.48 11.2 15.1 430 24.5
3-40-0 6.90 8.27 265 11.6
3-40-7A 6.69 9.93 12.5 450 23.8
3-40-15A 6.21 9.10 16.8 565 25.9

100%=force to give twice original length; 300X=force to give 4 times
original length; Str.=force required to break; Elong=X elongation at
break (¥ extended from original length); Tear=force to tear (force/

elongation to tear)

3 samples run for each test (values are average with 10X error).
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Figure 9. Tensile and Tear Die Dimensions (mm).
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Figure 10. Comparison of Tensile Strength.
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Figure 11. Comparison of Elongation.
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Table 4. DSC Results (°C)
Ident. no. Soft segment Tg Hard segment T (&H,joules/gram)
2-25-0 -80 168(.63),180(3.39),190(.42)
2-25-20P =77 138(2.51),164(.59),181(.96)
2-25-50-50 -76 170(.13),180(.63) ’N’:i
3-50-25P -81.5 159.5(17.49),170(4.39) Q (-
3-50-0-H -82.5 135.5(8.49) )
3-50-0-R -79 185.5(2.72) g
3-50-25P-R -79 255(5.15) :-_: 5y
3-50-7P-R -78.5 208.5(2.22),223(1.51) DAY
3-70-0 ~84.5 199.0, 215.5 (29.92 combined) f-ft-;‘f
3-70-7A -83 194.5(23.14) 2N
3-70-15A -83 188(13.97),259(2.18) "
3-60-0 -81.5 190(4.64),217(11.76) N
3-60-7A -81 183((7.20),207(3.93),232.5(1.09) ;'-E,‘
3-60-15A -83 183(19.5) At
3-50-0 -83 179(5.31),217(15.36) R
3-50-7A -84 178.5(3.56),203(7.99) .
3-50-15A -82 182(11.46) "%*
3-40-0 -78 176(3.93),213(9.33) p LY
3-40-7A -82 179.5(12.34) "
3-40-15A -79 176.5(9.67) ::;:::_
S
(values are average with 11°C error, runs repeatable to + 5°C) s
R
¢::‘:
o
TN
r:_'.-:
23
39 3;1:‘
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shov a Tg of =-80°C. Most of the hard segments have a Tm of >150°C as
the first melting transition, with additional Tm’s at higher tempera-
ture, indicating the possible existence of different degrees of crystal-
linity or different lengths of hard segment chains. Figure 13 displays
a comparison of the first DSC melting transitions for the last 12
samples in Table 4. The thermal energy (joules/gram) needed to melt
these regions 1is also some indication of the degree of crystallinity.
Figure 14 compares the total enthalpy for the last 12 samples in Table
4. Most samples containing BD required energy (total) of >10 joules/gram
for the transitions while most samples with HER, HEB, or HD needed -5
joules/gram or less.

The TMA results (Table 5) are more indicative of a major difference
betwveen chain extension by BD and chain extension by HER and HEB. The
BD-extended samples soften above 150°C in almost all cases. The other
chain extenders produce samples with softening ranges which are not
suitable for materials which may be subjected to high internal tempera-
tures (up to ~100°C). Only those HER or HEB samples with some cross-
linker content (e.g., ident no. 3-50-25P-R) resisted thermal softening

until ~150°C. A minor trend is noted in the BD samples crosslinked by

'S

TEA. The softening temperature shows a slight decrease on the repeat

runs for crosslinked samples, while the corresponding linear (uncross-

W‘ A )
Y

linked) samples show a slight increase. Figure 15 compares first-run !g!
data for the last 12 samples in Table 5. This may be an indication of 5;3

S g™
the linear samples forming more ordered hard segment regions after the ::
first softening transition (which would permit realignment of chains). —

’, N 2 A NN
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Table 5. TMA Results (°C) —
]
l‘::':
Ident. no. First Run (final softenin Repeat Run (same sample) d,
Ident. no. g) Y
2-25-0 153 155 '
2-25-20P 152 147 —
L.
2-25-50-50 72 81 t}}t
3-50-25P 158 153 Es;:
3-50-0-R 60 45 A3
3-50-25P-R 195 192 —
3-50-7P-R 152 153 N,
\:\
2-40-0-R 63 15 N
’
2-40-0-B 67 22 NN
3-77-0-R 53 43 i
3-77-0-B 57 50 e
0
3-70-7A-B 55 50 ‘o
-I\f
3-70-7A-R 61 15 DS
3-70-0 198 202
3-70-7A 191 171 NN
'
3-70-15A 182 181 o
3-60-0 188 190 oS
h )
3-60-7A 182 180 -
3..60-15A 177 166 N
\:\
3-50-0 186 192 N
N
3-50-7A 176 172 e
N ¢
3-50-15A 178 171 s
3-40-0 177 186 :«.}
T
3-40-7A 176 171 wr
o
3-40-15A 171 158 P
a h AL
sheet samples e
S
o
N
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N
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Figure 13. Comparison of DSC Temperature.
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Figure 14. Comparison of DSC Enthalpy.
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Figure 15. Comparison of TMA Melting.
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Figure 16 shows a typical TMA sample run for 2-25-7A. Q;
The blocx samples were also subjected to DSC and TMA analysis (Table s?

6). As noted before, the sheets were initially cured in closed molds &?,
under pressure vhile the blocks were allowed to cure at ambient pressure i;i
(1 atm.) while still liquid. This has produced some differences in 32
thermal behavior between sheets and blocks. The blocks consistently 3;.
show two separate melting transitions, the second occuring above 200°cC. -é
The immediate rescan (by DSC) of some samples apparently allows little EE
time for reforming crystalline regions, since the jouies/gram value is F%
-t

reduced compared to the original scan. The high scan temperature (up to

-

277°C on DSC) may also disrupt some covalent urethane bonds. Remeasure-

Vay

-
N/
ment of some samples after annealing gave results similar to those Y
obtained originally. Figures 17 and 18 display, respectively, the low -
)
“~
and high temperature DSC scans for sample 2-50-7A. ug
)
e
TGA (Fig. 19) shows the thermal decomposition of a polyurethane 'E:
N
sample (ident no. 3-70-15A) in both air and nitrogen atmospheres. .
Decomposition does not occur until ~250°C and is essentially complete at ~:
Ca
=
~425°C. No residual charred material was present after the test, ¢
although aromatic materials (such as styrene-butadiene rubber with -,
N
carbon black) often leave chars. }f‘
.
~1
»
w
C. Infrared Spectroscopy =
e
l:f
¥
The characteristic absorptions of polyurethanes reported in the p
1iterature66 are compared with those of p-TMXDI polyurethanes (Table 7). -
-".;
o
s.:.\
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Figure 16. TMA Scan for 2-25-7A.
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Table 6. DSC and TMA on Blocks (°C)
=
»
'
Table 6A. DSC on samples which were immediately rescanned. ;~
Ident No. Tml——ImZ joules/g(total) Tm(rescan)a joules/g(rescan)a :
3-40-7A 183 212 20.13 186 3.64
3-50-7A 186 212 17.24 193 8.87 o
3-60-7A 187 217 25.36 195 7.78 =
3-70-7A 189 215 27.03 200 12.76 D
~.'..
Table 6B. DSC and TMA on samples scanned only once.
Ident No. T , T , joules/g(total) Tc(joules/g£§m)b TMA T o
2-25-7A 153 219 10.36 184(-4.94) 137 o
2-30-7a 167 211 20.45 157 o
2-40-7A 171 222 19.33 157
2-50-7A 168 201 15.10 165 o
3-25-7A 164 223 12.05 187(-3.31) 160 ;:
3-30-7A 172 203 9.96 165 I
o
3-35-7A 165 224 11.17 192(-3.51) 165 N
3-45-7A 168 205 8.71 169
-
o
'..
Table 6C. TMA and DSC on samples which were annealed. ::f
d d . d v
Ident No. TMA Tmc TMA T, Tml Tm2d joules/g(total) i?
3-40-7A 170 168 183 210 21.97 .
3-50-7A 173 177 191 216 23.97 A
3-60-7A 175 168 194 218 24.02 a7
3-70-7A 172 175 188 216 29.46 i;
|~,
3for rescan, sample wvas immediately cooled (80°C/min) to 300 K $
(27°C) after first scan. N
bcrystallization (Tc) vas noted in some samples after the first melt e
( Tm 1 ).
“before annealing e
dannealed at 150°C for 4 hours and stored at room temperature for ti:
2 veeks before scan. -
0,
‘s
I
O\
RN
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Figure 17. Low Temperature DSC for 2-50-7A.
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Figure 18. High Temperature DSC for 2-50-7A.
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Figure 19. TGA of 3-70-15A in Air and Nitrogen.
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Table 7. Infrared Absorbances
Frequency (cm_l)
Vibrational assignment Ref. 64 Et-TMX-Et 3-60-7A
N-H stretch (free) 3444,3384
N-H stretch (bonded) carbonyl 3328 3328 3328,3338
" " " ether 3262
Carbonyl stretch (free) 1730 1723 1723
" " (H-bonded) 1704 1699 1699
Amide III (C-N stretch + N-H bend) 1534 1533,1539 1533,1539
Amide IV " " " " 1311
Amide V " " " " 1229
C-0-C stretch of (C=0)-0-C 1081 1082,1095 1082,1095
Out of plane -(C=0)-0- bend 772 781 781
4B
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Two characteristic types of spectra were recorded. All BD-extended

samples gave essentially identical scans, with strong N-H absorbances
and carbonyls with small "free" C=0 shoulders (non-hydrogen bonded)
(Fig. 20). The samples with HER or HEB as chain extender were also
similar in their own class, but with weaker N-H absorbances and the
"free" carbonyl peak showing a relatively equal intensity compared to
the hydrogen-bonded C=0 stretch (Fig. 21). This provides some indi-
cation that HER and HEB inhibit the proper alignment of some chains

which is necessary for hydrogen bonding (and perhaps crystallization).

D. Hysteresis Results

Compressive fatigue tests were performed on block samples of the
polyurethane blends (Table 8) (Fig. 22). The samples survived testing
without any visible damage, except for sample 3-25-7A which contained
the lowest percentage of hard segment in the blocks which were prepared.
The hardness was essentially unchanged by the test (softening of the
sample usually results in increased hysteretic heatup, which was
experienced by sample 3-25-7A. Figure 23 shows the testing method for

hardness (ASTM D 2240).
E. Model Compound Characterization

Spectral data was collected for Me-TMX-Me (the melting point was

189°C by DSC). Figure 24 shows the FTIR scan with the characteristic
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Figure 20. FTIR
of 3-70-7A.
(Perkin Elmer)

Figure 21. FTIR
of 3-70-7A-B
(Perkin Elmer)
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Table 8. Compressive Fatigue Tests (°C)2 il
”%
e
Ident No. 1K  2.5K 5K 10K 20K 50K 100K 150K 200K e
2-25-7A  32.2 36.1 42.2  44.4 50.0 56.1 59.4 61.1 1.1 N,
2-30-7A  25.0 28.9 31.7 36.7 40.0 42.2 43.9 -———  4b.4 o
2-40-7A  29.4 33.3 36.7 40.6 43.3 46.1 47.8 47.2 47.2 N
2-50-7A  22.8 26.1 28.3 31.7 35.0 37.8 38.9 38.9 40.0 "‘!:::!;%
3-25-7A  36.1 46.7 77.2 103.3 131.7 172.2° o
3-30-7A  28.9 35.0 43.9 51.1 58.9 62.8 65.6 64.4 63.9 rtad
3-35-7A  30.6 39.4 50.0 62.2 76.7 87.8 850 ---—- 82.2 -.3
3-45-7A4  26.1 ———— 31.7 36.7 40.6 43.3 45.0 45.6 45.6 ol
3-40-7a  26.1 30.0 34.4 41.7 47.8 53.3 57.2 ———— 61.1 t52»}
3-50-7A  31.1 33.9 37.8 43.3 48.9 53.3 55.6 56.1 56.1 ;t;‘::‘
3-60-7a  23.9  26.1 28.9 33.3 37.8 42.2 45.0 46.1 46.7 Dt
3-70-7A  22.8 23.9 25.0 28.3 31.7 36.1 38.9 39.4 39.4 s
N
Hardness® ﬁg;‘:\
Ident No. Before test After test Lt
2-25-7A 9 A 9 A —
2-30-7A 96 A 96 A ;2(:;:;
2-40-7A 100 A 100 A 09088
2-50-7A 48 D 48 D O
3-25-74 91 A L ol
3-30-7aA 95 A 95 A i3S
3-35-7A 96 A 96 A
3-45-7A 98 A 98 A &
3-40-7A 96 A 95 A RN
3-50-7A 95 A 95 A
3-60-7A 98 A 99 A ke
3-70-7A 50 D 50 D N
\‘_\“
A
35 MPa maximum load, 20 Hz, 200,000 cycles, starting temp. 21.1% E ,-'
beailed at 32,500 cycles
Caccording to ASTM D 2240 Shore A and D :;.-:4'
\::s*'\
2
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X
o
51 AN,
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Figure 22. Compressive Fatigue Tests.
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Figure 24. FTIR of Me-TMX-Me (Perkin Elmer).
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N-H (3330 cm'l) and carbonyl (1700 cm"l) absorbances. Figure 25 shows
the mass spectrum, with some of the probable fragments in Figure 26.
Figures 27 and 28 show the 1H and 13C NMR spectra and the resonanace
assignments (JEOL 200 MHz NMR). The spectral data for Et-TMX-Et (M.P.
168°c by DSC) is presented in Figures 29-33. (Spectral assignments were
made by consulting Ref. 65.)

X-ray crystallographic data was also collected on these model
compounds (analysis by Dr. Jerry P. Jasinski)66. Table 9 gives the
significant measurements obtained, with Fig. 34 showing the molecular
conformation and the numbered atoms. It 1is noted that these compounds

have managed to crystallize in a conformation which permits hydrogen

bonding in spite of the steric hindrance caused by nearby methyl groups.

F. WAXS Patterns

Figures 35 and 36 display, respectively, the raw data for an
amorphous pattern of a typical HER-extended sample (data collected for
only 5 minutes) and a pattern of a crystalline BD-extended sample. The
intensity and sharpness of the peaks increased as p-TMXDI equivalents
increased in BD-extended samples while soft segment molecular weight was
held constant. Higher molecular weight soft segment samples (PTMO 2695)
gave slightly sharper peaks than the other samples (PTMO 1934). The

approximate percentage of crystallinity in BD-extended samples is pre-

P S )

i

2l

e
A
WAL

5} <57

A

Ly
-

274,
55

‘s"\.‘l'-.‘l‘ K."

sented in Table 10. The approximation was obtained by dividing the sum
of the peak areas by the total area (as illustrated in Fig. 37).
54
0PI PO NS WIS NN A N ORI N R N A N SR SR NN NN WA R AN NN 2



f
A
5&' :
OO
sy
s
%)
s
GhE
\
y
i
LY
Figure 25. Mass Spectrum of Me-TMX-Me. Al
‘;\}
“RE-THX-WE —— —SOLTD PNOBE=RS s
;;:'n;'ﬂssx " ARM " ,.fg:".?:f ,-:§
130004 (119 '::"‘.
218 r'
12000 { F100
110004 oo .‘
PYITS Y
l fao x._f
seve] el
eeee] % "i",
7000 60 -
suoj 293 L5 o ‘i':"’
’ Pl
€000+ 40 ;&
4000 "
139 & !
000 r ¥
2000 20
24 261 A
10904 88 309 <1 ‘\"\
4 - N
‘o
[ o L—é'—\" -\‘-\
248 | 230 320 K
RS X
- —
(Hewlett Packard Model 5996 GC/MS System, Al Deome (Operator, PRD)) ad
'.f:\.-
(Polymer Research Division, Army Materials Technology Laboratory) .:'::
[N
s‘;\‘
\'\'
‘-
N
N\
I" v
3
ne
l‘- I
Ve
i)
i
A ol




Figure 26. Me-TMX-Me Mass Spectrum Fragments.
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1H NMR of Me-TMX-Me.

Figure 27.
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Figure 30. Mass Spectrum of Et-TMX-Et.

Figure 29. FTIR
of Et-TMX-Et.
(Perkin Elmer)
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Figure 31. Ei—TMX—Et Mass Spectrum Fragments.
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Figure 32. 1H NMR of Et-TMX-Et.
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Figure 33. 13C NMR of Et-TMX-Et.
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Table 9. Crystallographic Coordinates (x104) for Et-TMX-Et? (Ref. 66).
"‘
Monoclinic, C 2/c, a=18.653(5), b=11.063(4), c=9.697(3) R, B=95.39(2)0, :
v=1992(1) R3, z-4, d.=1.129 g em™3, MoKa (X=0.71073 8), u, (MOK®)=0.07 »'::
! at 293 K, R;0.056, R,=0.056, 1363 reflections.
b 13
Type X vy z e
3
0(1) T2(1) -670(3) 299(3) ;3
0(2) «0¥5(2) -107(4) -1410(3) -
N(1) 3103(1) 646(3) 784(3) G
C(1) 3721(2) 1420(4) 536{4) N
C(2) 4377(2) 669(4) 222(4) :,
C(3) 4899(2) 1107(4) -565(4) 3
C(4) 5500(2) 451(4) -784(4) :(
C(5) 3901(2) 2090(4) 1898(4) 353
C(6) 3505(3) 2335(5) -624(6) -
C(7) 2753(3) -49(5) -229(5) "
C(8) 1762(3) -1429(6) -625(7) .
C(9) 1101(3) -931(7) -957(9) ;}{
O
‘.l
H(Nl)c 2976(16) 533(31) 1626(36)
H(3) 4824 1892 -978 N
H(4) 5846 793 -1346 ‘;.)
H(5a) 4304 2622 1841 >
H(5b) 4011 1518 2632 Ny
H(5¢) 3486 2553 2084 o
H(6a) 3863 2946 -712 .
H(6b) 3068 2707 ~-388 .$.
_ H(6c) 3415 1910 -1486 v
b H(8a) 1702 -2194 -183 j
H(8b) 1990 -1551 -1461 K
H(9a) 842 -430 -366 X
! H(9b) 765 -1395 -1554 .
H(9c) 1383 -432 -1508 \
A
3The numbers in parentheses are the estimated standard deviations in the ﬁq,

b last significant digit.

Atoms are labeled in agreement with Figure 34.

€All the hydrogen atoms which are covalently bonded to carbon atoms _
carry the same numerical subscript as the carbon atom to which they "N

are bonded with the additional 1literal subscript (a,b,or ¢) to ’

distinguish between hydrogen atoms bonded to the same carbon except B

for the hydrogen atom which is covalently bonded to N(1). This one g

is labeled H(N1). 4
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Pigure 34. lodel of Et-TMX-Et (Ref. 66).
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Figure 35. VAXS Pattern of 3-50-25P-R.
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Figure 36. WAXS Pattern of 2-50-7A.
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Table 10. Approximate Crystallinity of Selected Samples by WAXS.

Ident. No. Percent Crystallinity
2-25-74A 4.1
2-30-7A 5.4
2-40-7A 6.4
2-50-7A 7.0
3-40-7A 5.5
3-60-74 8.2
3-70-7A 9.4
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Figure 37. Area Measurements of 3-60-7A.
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VI. DISCUSSION

The original idea for this research was based upon the behavior of
some elastomer samples of unknown composition which were subjected to
cyclic compression testing and showed lower hysteretic heatup than any
previously ‘*ested elastomer67. Figure 38 has the hysteretic heatup
curves of three such polyurethanes conjectured to be polyester-based (6,
8A, and 8B) and the curves of three possibly polyether-based samples (3,
4, and IV) with essentially stabilized temperatures after 60,000 cycles
(46, 35, and 45°C respectively). It vas found, by chemical and other
methods, that the latter three unknowns were composed of CHDI, PTMO, BD,
and some percentage of TMP (as crosslinker). The molecular weight of
PTMO and the ratios of the ingredients remained unknown, but synthesis

61 with known quantities of ingredients in CHDI-based samples

and testing
alloved the qualitative reproduction of samples similar to the unknowns
in their test results. These known samples displayed behavior similar
to that of the unknowns, including their hysteresis behavior.

The research reported here explored the properties of polyurethanes
based on p-TMXDI. p-TMXDI can be compared to CHDI in several ways:

1. Both produce aliphatic urethanes, although p-TMXDI contains an
aromatic ring. Urethanes in which alkoxy-0 and amido-N are both cova-
lently bonded to alkyl, rather than aryl, have been found to be the most
thermally stable®® (Table 11).

2. Polyurethanes derived from both, formed with aliphatic ure-

thanes, should be resistant to photochemical decomposition.

65
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Figure 38. Hysteretic Heatup 6f Polyurethane Unknowns (Ref. 67).

Group D Polyurethanes
-
0 8A
= 100°C
€ 1]
3 '
-
§ =3 — -
&1m¥- = y
0 | i i 1 i |
0 10 b 1] & 50 60 10

103 Cycles

TEMPERATURE RISE AT CENTER OF 2-1/2'%2-1/2"x3" BLOCK SPECIMEN CYCLIC COMPRESSION,

2475 2 2025 POUNDS, 6.5 Hz

Table 11. Decomposition Temperatures of Urethane Bonds (Ref. 68).

Type of urethane group

Alkyl-NH-CO-0-alkyl
Aryl-NH-CO-0-alkyl

Alkyl-NH-CO-0-aryl

Aryl-NH-CO-0-aryl

Approximate upper stability (°C)

250
200
180

120
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3. Polyurethanes derived from both have symmetrical backbones (as :;;'

do those derived from MDI). This enhances the probability of formation %ﬁ;%
of crystalline regions within hard segments which have collected before $§$§
solidification. Model compounds incorporating either p-TMXDI or CHDI iffp
provide evidence of this probable crystalline behavior. i;gﬂ
4. The polymers derived from these diisocyanates have, so far, 2 é
provided several samples which have guod mechanical properties, high AHL
resistance to thermal breakdown (>150°C before softening), and better ; <%
resistance to hysteretic heatup than other polyurethanes. Etéif
In order to understand the behavior of the p-TMXDI-based polyure- l-‘i;
thanes, all aspects of the available structural information need to be &j&;
examined. Comparisons need to be made, not only with CHDI-based polyu- ?égf
rethanes, but with other types now in common use. From the evidence of !
hysteresis behavior in the CHDI- and p-TMXDI-based urethanes, some basic S:@:
differences must exist between their molecular structures and the struc- ;% :
tures of other polyurethanes. ::~:
o

o)

Early in this research, a decision was made to examine the effects i§£$

of different chain extenders on the thermal properties of p-TMXDI-based P
polyurethanes. BD vas selected for its ability to produce the consist- :&Eg\
ently highest softening temperatures47 of polyurethanes derived from the &;3?
available straight-chain diols, due to the packing efficiency of the e
hard-segment chains which BD made with the diisocyanate (usually MDI). gxii
HQEE provides good mechanical properties at elevated temperatures in ng?,
At

some polyurethanes, but limitations on the preparation temperature and X

method required substitution of HER. HEB, which is a derivative of :Ei;
G
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Bisphenol A (HEB minus the hydroxyethyl moieties), has also been
tested55 in some other polyurethanes and found to provide some desirable
properties. These chain extenders vere expected to promote formation of
crystalline hard segment regions, and thus result in polyurethanes
resistant to typical thermal and mechanical stresses.
{ A close examination of model compounds derived from verious
straight-chain diols is instructive. Those with an even numbe. of
carbons in the (-0—(C82)x-0-) moiety, where x4, vere found to crystal-
lize in extended conformations in model compounds47. (Fig. 2 has x=4
(BD) in the compounds which were studied by Born et 31.47) The carbonyls
at either end of this backbone are oriented in nearly opposite
directions in these models, thus resulting in planar urethane (and
hydrogen) bonds which face in opposite directions at either end of the
chain. Model compounds where x was an odd number of 5 or greater crys-
tallized with planar diol backbones and carbonyls pointed in the same
direction. To facilitate hydrogen bonding between chains, the diol
backbone 1is curved sufficiently to reduce the strain which would be
present in a completely straight chain (which is formed by the even
diols). This still results in longer hydrogen bond distances, and thus
higher energy conformations and crystals somewhat less stable than those
vith even diols. The structures where x=2 or 3 were both crystallized
in contracted conformations which had carbonyl alignments similar to
their respective even and odd counterparts of greater length.

X-ray diffraction experiments vere also run on stretched fibers of

MDI-based polyurethanes with various chain extender 1engths“3'65. The
~
e d
data for the even-length chains vas in general agreement with the model f::
I
e
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compound results, but the odd-length chain data suggested some twisting
in the diol chain which would allow the carbonyls at either end to
reorient themselves in opposite directions, as 1in the even length
chains. The polyurethane with the diol x=2 (ethylene glycol) was postu-
lated to have carbonyls oriented at 90° to each other at either end of
the diol chain.

These differences between the models and the stretched fibers for
x=2 and x=0dd are due to limitations imposed on the longer hard-segment
fibers which possess more than two urethane moieties in each polar
section of the chain, and are required to hydrogen bond as many sites as
possible to achieve the lowest possible energy state of the crystal
form. For example, in hard segments incorporating even diol chains,
such as butanediol residues, the MDI phenyl rings are free to rotate
about the —CHZ- center. The two carbonyls which are connected by an
even diol unit in a hard segment chain are oriented at 180° to each
other, as in the model compound (MMI-BD-MMI), but are oriented at 90° to
the carbonyls in an adjacent diol section. In this conformation, the
layers of chains which would form in a crystalline hard segment region
are hydrogen bonded "in the viewing plane" in one diol section and
"perpendicular to the viewing plane” in adjacent diol sections connected
by the diphenylmethane moieties (Fig. 39). The hard segments with odd
chain diols are also configured to minimize energy. Since crystal

packing of larger molecules inhibits the curved backbone seen in the
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models, the chain sections are twisted into suitable conformations
compatible with this requirement. Proposed conformations of polyure-
thanes ir.corporating odd diol moieties suggest only a two dimensional
hydrogen bonding network (i.e. all hydrogen bonding "in the viewing
plane”). In the case of x=2, fhe carbonyls at either end of each ethyl-
ene dioxy chain are thought to be oriented at ~90° to each other, al-
loving a three dimensional hydrogen bonding network.

These chain conformations of the various diol-MDI polyurethanes
affect the thermal properties of the polymers. The melting points of
the model compounds with x=even are all at least 10°¢ higher than when
x-odd47. This is a direct result of the hard-segment conformations,
vith the hard segments derived from even-numbered diol units assuming
more tightly packed structures, leading to shorter hydrogen bonds and
higher melting points. In higher molecular weight chains (e.g. hard
segments in polyurethanes) the polymers with x=4 (i.e. BD) usually have
the highest softening temperatures, a probable result of the three

dimensional hydrogen bond network and the short chain-extender which

keeps adjacent hydrogen bonds closer than longer chain-extenders.

The formation of crystalline model compounds of both p-TMXDI and
CHDI is highly suggestive of crystallite formation in their respective
polyurethanes. Most CHDI-based polyurethanes, which have been prepared
and tested in known formulations61, developed high-temperature resistant
regions in the polymer matrix, usually softening (TMA) above 225°¢.
(These experiments used primarily BD as chain extender.) The< BD-extended

samples of p-TMXDI-based polymers usually softened above 175°c. These
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relatively high softening temperatures for both types of polymers are
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also indications of crystalline content. With low crosslinker content

in the samples, crystallization driven by hydrogen bonding is the most

-
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likely reason for their thermal stability.

-et

The use of HER and HEB as chain extenders for p-TMXDI is apparently g;~‘
of little value when thermal stability is a primary concern. The TMA %?:
data is definitive evidence of some fundamental structural difference —
concerning the chain extenders. The DSC results for the apparent heats :éii;
of fusion (joules/gram) show another difference between chain extenders. tfs :
Those samples containing HER or HEB have total melting transitions of #3 )

¥
less than 5 joules/gram (including the crosslinked HER samples), while ;ﬁ#ﬁ%
most samples with BD require at least 10 joules/gram for their tran- ?ﬁ:‘
sitions. This is a further indication of more crystalline content in ::;j
p-TMXDI polymers utilizing BD as the chain extender. ﬁ:&s

The infrared spectra of p-TMXDI-based polymer samples is another ;Efz
indication of major differences between chain extenders. The IR spectra ;f{;
of all BD-extended samples are almost identical to Figure 20 in ap- E;Eé‘

atnld
pearance, with a strong N-H absorption (hydrogen bonded) and a carbonyl 3;%'
absorption (hydrogen bonded) with small free carbonyl shoulder. A .dkﬁl
strong resemblance is noted in these regions between the spectra of :tszs
polymer samples and of the model compounds (Figs. 24, 29). The N-H and i;:.J
carbonyl signals are indications of a high percentage of hydrogen bond- 5__:_
ing in the polyurethane samples. Figure 21 is representative of the ;: -i
FTIR spectra of HER- and HEB-extended samples, with wveaker and broader ¢

N-H absorptions, and carbonyl hydrogen-bonded and free absorptions of

roughly equal intensity. This is an indication of a much lower percent-
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age of hydrogen bonding in these samples, a condition which was re- ;.;
flected in the thermal behavior of these samples. f

The introduction of HER or HEB as chain extenders with p-TMXDI f{
introduces some obvious disruptions into the hard-segment region, an ..‘:
environment where crystallinity is the preferred state and is partly :E'E
driven by hydrogen bonding. An assumption concerning the chain extender :Ef:'
behavior is that BD fits the necessary crystalline conformation as part o
of the chain, while HER and HEB, although they may produce crystalline E':*
solids, assume a conformation different from the crystalline structure ’LE -;k
of a p-TMXDI urethane moiety (possibly an incompatible crystalline space "l-ii
group). HER and HEB have been used with MDI and produced polyurethanes \‘;E
with good properties. A conformational resemblance can be noted between E::.,'
the MDI and HEB molecules, a symmetry which probably enhances their '“'?
compatibility. HER, although it is not symmetrical, has the flexibility J-;:
and absence of steric hindrance with MDI to fit into a crystalline :{EE?
stacking arrangement with one of the MDI urethane rings. --’3-

The hard segments of MDI-based polyurethanes possess some degree of :z§%
flexibility with regard to chain extenders. As mentioned previously, '.:'E
different carbonyl conformations were possible depending upon the number e
of carbons in the straight chain diols. A three dimensional network of :"
hydrogen bonds is possible due to the freedom of movement about the é:i’
central —CHZ— in MDI urethanes. This flexibility can be expected with UC.'
polyurethanes derived from compatible aliphatic diols and aromatic diols \E\'

N
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(e.g. HQEE, HER, HEB).

p-TMXDI has more stringent requirements with regard to conformation.
The model compounds derived from p-TMXDI show the steric effect of
methyl groups adjacent to both the aromatic ring and the urethane bond.
Although the model derived from MDI, by end-capping with methoxy, crys-
tallized into one of twvo possible conformations, p-TMXDI crystallized in
a conformation which is expected to be its only possible conformation.
The p-TMXDI molecule has no central point of rotation (which the —CHZ—
moiety gives to MDI), a limitation expected to inhibit the three
dimensional hydrogen bonding effect which is proposed for MDI-based
polyurethanes. CHDI-based polyurethanes are expected t. display a
restriction similar to p-TMXDI derivatives, probably with the CHDI-
urethane moieties assuming a stacked chair conformation and the carbon-
yls approximately perpendicular to the plane of the ring (similar to the
p-TMXDI-based modeis). Three dimensional hydrogen bonding networks for
p-TMXDI-based urethanes would originate from a change in conformation of
the chain extenders.

The actual structural arrangement of p-TMXDI hard-segment regions
probably involves different degrees of crystallinity, and possibly
different conformations (which are influenced by factors wvhich were

mentioned in Chapter II, the literature review). First, variations

betwveen sanples are dependent on the molecular weight of the PTMO soft-
segment. More opportunity for phase separation is provided by higher-
molecular-wveight polyethers. Second, the number of equivalents of

p-TMXDI in any sample will determine the average hard-segment chain

length and the average size of the hard-segment region in the chain




direction. Third, the type and length of the chain extender determines
the final conformation. Fourth, the presence of crosslinker will rein-
force the hard segment region, but at the same time it will 1locally
disrupt any crystalline regularity. Other factors will also play a role
in the different arrangements of chains.

The thermal transition information collected by DSC is an indication
of the complexity present in the different polyurethane samples. Two
(and sometimes three) melting transitions were noted for the sheet
samples. In the block samples, a more uniform behavior is presented by
the two melting transitions of each sample. However, differences exist
between samples concerning the first melting transition temperature and
the ratio of the heats of fusion ¢f the two transitions in each sample.
Some DSC results even showed an exothermic transition between the melt-
ing transitions, indicating that crystallization was initiated by the
freedom of movement at that temperature. These observations lead to the
conclusion that two different types of hard segment regions exist in the
block samples.

The thermal behavior of the p-TMXDI hard-segments extended by BD may
be attributed to some possible variations in different hard-segment
regions. Different regions may contain different numbers of equivalents
of p-TMXDI (e.g. one sample may have regions with four equivalents and
others with five). The chain extender may be arranged in different

43-45

S
conformations: the work of Blackwell and Briber and ‘I‘homas‘3

suggests that BD can assume both a contracted and an expanded contot
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mation, leading to two different packing efficiencies (with the extended
conformation most likely possessing a higher melting temperature). The
p-TMXDI moieties are probably not stacked uniformly and may resemble the
packing arrangement which was suggested by Bonart33 (Fig. 40), wvhere
layers of MDI moieties alternate with layers of BD residues. The
thermal differences may also be due to the efficiency with which the
different regions have crystallized (i.e. crystalline or moderately
amorphous); this is unlikely, since a variation in crystallinity would
be expected to produce transitions at several different temperatures for
several possible degrees of crystallinity. Determining the most prob-
able explanation will require further preparation and analysis of model
compounds and polyurethanes.

The WAXS patterns of the p-TMXDI/BD/PTMO polyurethanes are further
indications of crystallinity. Figure 36 shows a pattern with sharp
reflections at angles (28) of -18.3%° and ~12.7°. These correspond, by
the formula n\-2d sin®, to measurements of ~4.8% and ~6.98 respectively.
In MDI-based polyurethanes, the WAXS reflections were assigned to dif-
ferent spacings of the hard segment chains. The model compound unit

cells were also distorted from monoclinic to triclinic unit cells to

'.5
X

simulate the molecular arrangement of the chains. A similar process is

v

planned for the p TMXDI models; this should allow relation of crystal-

..

line tetlections to characteristics of the hard segment crystalline
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The compressive fatigue testing of the block samples demonstrates

X Ml o
Mads| 1

T 78 )
' ' 4
h Y
Fx

o

.

(X

76

1

P
..{«’-,

. ../
a

N
L PP P HEL L S LR S S



Figure 40. MDI Stacking Arrangement Proposed by Bonart (Ref. 33).
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their resistance to excessive hysteretic heatup. Progressively higher
hard-segment content in the samples produced progressively less hyste
retic heat. Sample 3 25-7A vas the only sample to fail. The other
samples remained below 100°C and may be expected to retain wmost of their
mechanical strength at these operating temperatures (Fig. 22).

The polyurethanes made with CHDI and vith p TMXDI have tvo 1mportant
characteristics in common vhich set them apait from most other poljyure
thanes: 1. They are both resistant! to compressive fatigue heatup. .
They are both expected to <rystallize ex: lusively into two dimensional
bonded netvorks (one ditecrion represented by the rovalent]y bonded
chains, the other by hydrogen bhonding) (Intermolerular -an der vaals
torces provide integiity in the thitd ditection. ) MWDl based polyure
thanes have alteady been shown to assume three dimensional and other
vari1ed combinat ons. PR and /.6 TDl 4o not possess the higher svm
metty of the other three diisoryanates HX:HDI v nermally a4 mixtare of
1somers; even the trans trans i1somer might ha.e ~ome difficaity e
tallizing intos a ~ompar’ cantarma’ion vrthet diisncvanatesn ha.e either
other restrictions on good rystal.ization o1 exress tiewihiiit, in

their structure (e.g. hexamethylene Jdiisncyanate).

The treason for the tesistance to hystereti: heat buiidup ot CHDI
and p TMXDI hased polyurethanes 15 an unktiown *o he evpiored 1n f0 e
research. T¥o possible explanations ate: i The highiy crosta.iine

regions expected in the polyurethanes are espe:tally 1i1gid and resistant
to mechanical detormation which would release hear upon telaxation. S
The crystalline regions ate otilented and transm.t thermal energy along

some axis to the surface regions. This second possibility 1< somewhat




speculative, but similar behavior has been seen in other materials. The

tvo explanations are not mutually exclusive.

The p-TMXDI -based materials have exhibited one undesirable charac-
teristic. Crystals of freshly-prepared model compound which were dis-
solved in tetrahydrofuran (THF) to test for purity by chromatography
(HPLC), upon analysis by HPLC after one day in solution, showed ac-
| cumulation of another component with slov loss of the wodel compound.
GC/MS analysis indicated formation of an isopropenyl moiety in place of
the urethane bond at one end of the model compound (Fig. 41). A specu-
lation was made that traces of acid (the glassware had been washed with
chromic acid, then rinsed several times) and peroxide caused the decom-
position of the model compound. p-TMXDI is manufactured, according to
the patent62 (Fig. 42), wusing an acidic step to form a urethane.
Reversal of the reaction is possible under the proper conditions.

Later attempts vere made to repeat the decomposition reaction under

controlled conditions. Crystals run at a later date, in THF solution in

glassvare wvashed wvith acid, shoved no signs of decomposition. A
solution of freshly prepared crystals in THF with traces of methanol wvas
found to be stable. Also, crystals which had been exposed to the humid
ait for a few weeks vere also stable in the THF solution. The presence
of hydroxyls may serve to protect the urethane by some mechanism.
Therefore, polyurethanes containing p-TMXDI as the prime constituent are
not expected to be susceptible to decomposition from exposure to typical
environments, such as the weather. However, they may be sensitive to

acids or peroxides under arid conditions. This is a matter for further

investigation.




Figure 41. Possible Decomposition of Et-TMX-Et.

AN
cu3-c52-o-ﬁ-u-?<C:j>?-§-c-o-CH2-CH3
0 H
CHy CH,
H* | THF
y CHs CH,
||
CH,-CH,-0-C-N-C~ ) + 7
3 2 ' I :
CH, CH,

Figure 42. Patent Preparation of p-TMXDI (Ref. 62).
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VII. CONCLUSIONS _
-

u'.,':
p-TMXDI has been mixed with different chain extenders and various : ;,’t:«
[N

!;"’.';‘-‘

molecular weight soft seguents and percentages of crosslinkers. The I
o
resulting polyurethane samples have been subjected to thermal, mechan- "::,:jsj
LR
Ni
ical, and spectral tests to determine the structural content of each R, ::"
A’T' .

preparation and the behavior of each sample under various stresses. i
SAITAY
Model urethane compounds were also prepared from p-TMXDI to simulate the DY e
RARCY
ideal hard-segment crystallization and determine the possible structural -‘*‘;

14

-
s

arrangement of the hard segments in the polyurethane samples.

WVhen resistance to high temperatures (up to 150°C) is necessary, a

9593

B

chain extender composed of a straight chain aliphatic diol is required ;..:E;’.
for p-TMXDI-based polyurethanes. Butanediol, which is commonly used for _‘ ®
other urethanes, allows sufficient separation between methyl units in 5;::'5;'
adjacent p-TMXDI moieties to avoid steric hindrance during and after ‘:E‘:-EE
reaction. It also minimizes the distance betwveen hydrogen bonds, '
resulting in a higher density of hydrogen bonds and leading to higher 3:'_::5'
softening temperatures for the p-TMXDI-based polyurethanes. ':\:EEE'&
The presence of cryst lline regions in p-TMXDI-based polyurethanes s

is 1indicated by different analyses. Differential scanning calorimetry :"::'S:
data indicates high temperature (>150°C) melting transitions, wusually :\::;:::2
tvo, are present in all polymer samples containing butanediol as the Saand
chain extender. Vide angle X-ray scattering data shows two reflections "?ﬁss
vhich both grow in relative intensity as the percentage of hard segment EE}EE"
material is increased in the various preparations. The uncomplicated &
preparation of crystalline model compounds 1is another indication that ;;5‘;;::\'
e SARAN
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crystallinity in the hard segment regions is highly probable.

Compressive fatigue testing results demonstrate the resistance of
some p-TMXDI-based polyurethanes to hysteretic heatup. Although only
blocks vith high hard-segment content, and high hardness values, have
been tested, blocks with lover hard-segment content are expected to
reach steady-state temperatures during compressive fatigue tests.
Steady-state temperatures wvhich are vell belov the softening tempera-
tures of the polyurethanes (e.g. <00°C) are preferred to allow
retention of good mechanical properties. A compromise in the haid
segment content would be necessary to balance the desitability of a

softer polyurethane against the need to avoid high internal tempera

tures.
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VIII. SUGGESTIONS FOR FURTHER RESEARCH >
SR
3 Y
\ i
1. Additional block samples vith different NCO/OH ratios are needed ‘; ﬁ%
kAN
to examine the effects of variations in the diisocyanate/hydioxyl ratio ‘
during hysteresis testing. In other researchbl, variations in NCO/OH ‘)?(\k;
“.";"A‘;‘
L i B8
ratios have produced some significant changes in properties. (The sz'fk'
AW
samples in this teseatch wvere all 1.05:1.00.) —
z. Solid samples can nov be examined using FTNMR vith solid state o "{
l »
:hgxﬁt
piobes. Scanning the polyurethanes in solution or after pulverization QQ,\f;
dHCY '
N
does not provide the potentially valuable information about chain pack- Pl A
I
ing, contormation, and hydrogen bonding wvhich is anticipated from the ::,, "i
58"
&’ n
solid phase NMR equipment which has recently become available. Rela- :;; @

tively little r1esearch has been published concerning NMR of solid polyu-

<
’
-"’

rethanes.

3. A model compound analogous to MMI-BD-MMI may be prepated from

P
&

-
-
- -
e
‘I.}"?’
S
- AP
- .- L J
ST e

p THXDI (Fig. 43). This would be useful in X-ray crystallography for

K
o
H

determining the chain extender conformation. w‘l:s,
4. A diacetylene chain extender (Fig. 44) may be used to raise the ’\(:¢
softening temperature and improve the high temperature resistance and
integrity of polyurethane hard segmen(s69. The diacetylene moieties may .::'
¥

be polymerized, after the polyurethane has been cured, by heat or vy X

radiation. This would result in a polydiacetylene network which would '

reinforce the structure of the hard segment by creating extensive Y

o
crosslinks. ':(hf:
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Figure 43. Model Preparation of TMX-BD-TMX.
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Figure 44. Diacetylene Diol Crosslinker as Chain Extender (Ref. 69).
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IX. GLOSSARY LA
T
BD butanediol ": $
CHDI cyclohexyldiisocyanate ,
DBTDL  dibutyltin dilaurate R
DSC differential scanning calorimetry -’.
EG ethylene glycol :t ':':;
GC/MS gas chromatography/mass spectroscopy ?:;‘
HD hexanediol
HEB hydroxyethyl bisphenol-A ::
HER hydroxyethyl resorcinol :;sg:;
H),MDI  methylene-bis(cyclohexylisocyanate) t::;;‘
HQEE hydroxyquinone ethyl ether
HTPBD hydroxy-terminated polybutadiene ::':
MDI methylene-bis(phenylisocyanate) 5&' !
MMI 4-benzyl phenyl isocyanate *",‘\'.;
PTMO poly(tetramethylene oxide) AEW
SAXS small angle X-ray scattering \.',-:
T, temperature of crystallization :,.;E
TDI toluene diisocyanate N
TEA triethanolamine i
'l‘8 glass transition temperature :\1::
TGA thermogravimetric analysis :S;‘S:
Ty melting transition temperature ".\..‘;:::
TMA thermomechanical analysis i 22
TMP trimethylolpropane N .
TMXDI tetramethylxylene diisocyanate E:t'::-;
WAXS vide angle X-ray scattering &;
N
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